؉ T cells from nonpregnant HIV-infected women was significantly lower than in that in uninfected women (45% ؎ 8% versus 52% ؎ 8%, P ‫؍‬ 0.04). In contrast, there was no difference in levels of intracellular IL-2 production between HIV-infected and uninfected pregnant women. These observations suggest that pregnancy may down-regulate IL-2 production regardless of HIV infection status. Future studies should evaluate IL-2 production patterns in larger cohorts of women so that the physiological significance of IL-2 down-regulation in pregnancy can be further evaluated. This information is essential to assess the possible use of IL-2 supplementation therapy as a means of enhancing immune responses among HIV-infected pregnant women.
Interleukin-2 (IL-2), a cytokine primarily produced by CD4 ϩ T lymphocytes, is considered a T-cell differentiation factor, because it promotes proliferation of T and B lymphocytes, as well as thymocytes (23, 26) . IL-2 also enhances natural killer cell activity and immune response and induces the secretion of other cytokines such as gamma interferon (INF-␥), IL-4, and tumor necrosis factor-alpha (TNF-␣). IL-2 production is considered part of the pattern of cytokine secretion associated with a T-helper 1 (Th1) immune response (12, 26, 31) .
The decrease in IL-2 production caused by HIV-1 infection in nonpregnant individuals is consistent with the progressive and profound impairment of CD4 ϩ T lymphocytes caused by infection with HIV (8, 15) . IL-2 deficiency is associated with antigen-specific anergy. This immune suppression increases the risk for opportunistic infections, morbidity, and mortality in HIV-infected subjects (4, 10, 33) . Some studies to date have shown that intermittent doses of IL-2 in HIV-infected patients resulted in increases in CD4 ϩ lymphocyte counts (1, 4, 10, 14, 20, 21, 28, 33) and decreased morbidity, (14, 28) without causing a significant increase in viral replication from dormant HIV-infected lymphocytes (1) . These observations have led some HIV experts to advocate the use of this immune modulator in addition to antiretroviral therapy in selective cases to increase CD4 ϩ lymphocyte counts and improve immune response to infections (1, 20, 28, 33) .
Data to support the use of IL-2 supplementation therapy in HIV-infected pregnant women are lacking, yet HIV-1 seroprevalence among women of childbearing age remains high. Within the United States, a national prevalence of 1.7 per 1,000 live births has been reported, with even higher rates among women with no prenatal care (11) . Advanced immune suppression has been observed among some pregnant women, requiring initiation of antiretroviral therapy to avert maternal morbidity and mortality or to decrease the risk of perinatal HIV transmission (9, 24, 29, 30 There is not yet a full understanding of IL-2 production and its' role during pregnancy and postpartum. However, some studies of IL-2 production in normal human pregnancies suggest a decrease in IL-2 expression and Th1 cytotoxic responses and a concurrent increase in Th2 cytokine responses. These factors may play a role in maternal tolerance of the fetal allograft (7, 17, 27, 32) . In addition, at least one murine model suggests that cytokine production during pregnancy favors antibody production over cytotoxic responses (13) . Although this pattern is likely to reflect the need to protect the animal model fetal allograft during gestation, it disrupts the normal capacity of the pregnant mice to resist infections that require cytotoxic T-cell responses. If the same pattern were true of all human pregnancies, we would expect a decrease in IL-2 production, associated with an increase in IL-4 and IL-6, during pregnancy. Therefore, coexistence of HIV infection and pregnancy could further compromise IL-2 production and the strength of the immune response in women, making recombinant IL-2 supplementation a very intriguing treatment strategy for this population.
The primary objective of this study was to evaluate and describe IL-2 production patterns in pregnant, nonpregnant, HIV-infected, and uninfected women. Our study was designed to reach this objective by (i) evaluating intracellular IL-2 production in HIV-infected pregnant women and seronegative counterparts; (ii) evaluating the effect of immunological and virological factors on intracellular IL-2 production in pregnant women compared with nonpregnant women; (iii) assess the association between intracellular IL-2 production and other Th1 or Th2 cytokines, such as TNF-␣, IFN-␥, and IL-4; and (iv) ascertain the effect of pregnancy trimesters on intracellular IL-2 production patterns.
MATERIALS AND METHODS
This study received Institutional Review Board approval and was conducted at University Hospital, Newark, N.J., between September 1996 and January 1998. Women giving written informed consent were enrolled to one of the following study groups: (i) HIV-positive pregnant women, (ii) HIV-negative pregnant women, (iii) HIV-positive nonpregnant women, or (iv) HIV-negative nonpregnant women. Enzyme-linked immunosorbent assay (ELISA) and Western blot serology determined the HIV status for study participants. All HIV-positive patients were assigned to a clinical category based on the 1993 Centers for Disease Control and Prevention Revised Classification for HIV-Infection in Adolescents and Adults (6) . At each study visit, in addition to their routine clinical care, participants had peripheral whole blood drawn for measurement of intracellular cytokine levels and lymphocyte profiles. Demographic and clinical information, including age, race/ethnicity, gestational age, last menstrual period, history of drug use, and toxicology screen, was abstracted from the medical record. A substance user was defined as a patient who acknowledged using drugs or had a positive toxicology screen during the pregnancy. All HIV-related clinical information, including medications and HIV viral load determined within a week of study visit, was also abstracted from the medical record. Pregnant patients were approached for enrollment, regardless of gestational age, as soon as their HIV status was known. Those who consented to participate in the study then completed their study entry visit. Subsequent visits were scheduled every trimester thereafter, with the last evaluation occurring 4 to 6 weeks postpartum. Pregnant patients had at least two evaluations. However, for purposes of analysis, samples were grouped based on gestational age into the following study time points: 0, Ͻ20 weeks; 1, 26 Ϯ 2 weeks; 2, 36 Ϯ 2 weeks; and 3, 6 Ϯ 2 weeks postpartum. Nonpregnant women were evaluated only once at a clinical visit, and their enrollment required a history of normal menstrual periods and no use of hormonal contraception or immune-suppressive therapies at the time of enrollment. All virologic and immunologic assays, including lymphocyte phenotyping and plasma HIV RNA quantitation by PCR, were done in an AIDS Clinical Trial Group-certified laboratory. A detailed description of the methodology to complete these assays has been published previously (2, 5) .
A modification of previously published methodology was used to evaluate all intracellular cytokine production of IL-2, INF-␥, IL-4, and TNF-␣, and that procedure is briefly described here (16, 19, 25) . Heparinized whole blood (0.5 ml) was diluted 1:1 in RPMI 1640 with L-glutamine. A mixture containing 20-g/ml 12-phorbol myristate 13-acetate (PMA), 1-g/ml ionomycin, and 10-g/ml brefeldin A (BFA) was added to each whole-blood sample and vortexed lightly. The samples were incubated for 4 h at 37°C in 5% CO 2 to activate. One hundred microliters of the activated blood was then aliquoted into small tubes for surface staining. Appropriate monoclonal antibodies (MAbs; 10 l of fluorescein isothiocyanate [FITC]-conjugated CD4 and CD8 PerCP) from Pharmingen (San Diego, Calif.) were added to each tube, and these mixtures were vortexed and incubated for 15 min at room temperature. Samples were then lysed with 2 ml of prewarmed NH 4 Cl for 5 min, spun at 1,130 ϫ g for 5 min, and then washed with 2 ml of 0.5% fetal bovine serum (FBS) in phosphate-buffered saline (PBS).
Permeabilization buffer (500 l) was added to each of the tubes, which were then vortexed and incubated for 15 min at room temperature. Samples were then washed with 2 ml of 0.5% FBS-PBS. MABs were added for intracellular staining (10 l of phycoerythrin [PE]-conjugated immunoglobulin G2a [IgG2a] and 2.5 l of IL-2-PE). Specimens were then incubated for 30 min at room temperature, after which 2 ml of 0.5% FBS-PBS was spun at 1,130 rpm for 5 min. Finally, the specimens were fixed with 500 l of 1% formaldehyde before being acquired and analyzed by flow cytometry with a FACScan (Becton-Dickinson, Paramus, N.J.) (Fig. 1) .
Statistical Analysis System, version 6.09, software (SAS, Cary, N.C.) was used for statistical analysis. For data analysis, the samples of pregnant women were grouped into the following study time points: 0, Ͻ20 weeks; 1, 26 Ϯ 2 weeks; 2, 36 Ϯ 2 weeks; or 3, 6 Ϯ 2 weeks postpartum. All pregnant women had a minimum of two samples available for analysis. The IL-2 measurement for nonpregnant women was included under time point 3, which physiologically coincided with the postpartum visit for women who were enrolled while pregnant. A Student's t test was used to compare demographic characteristics of HIV-positive and -negative women. We used nonparametric analyses to compare the differences in IL-2 production among four groups of patients within our study: (i) HIV-infected and uninfected women regardless of pregnancy status, (ii) pregnant and nonpregnant women, (iii) HIV-infected pregnant and nonpregnant women, and (iv) substance users and nonusers. We used Wilcoxon scores (rank sums) to evaluate changes in IL-2 production within the same patient during pregnancy and postpartum. A chi-square analysis was used to assess the association between HIV serostatus, substance use, viral load range, and IL-2 production. Spearman's correlation coefficient was used to assess the correlation of IL-2 intracellular production and that of other cytokines, specifically TNF-␣, INF-␥, and IL-4. Spearman's correlation coefficient was also used to assess the correlation between IL-2 production and CD4 or CD8 lymphocyte counts and between IL-2 production and HIV-1 viral load. Except for the chi-square analysis, all tests were two tailed. Finally, to assess the relative importance of individual variables in predicting intracellular CD4 IL-2 production, a linear regression analysis was done, which included HIV status, pregnancy status, CD4 count of 350 cells/mm 3 , viral load of 1,000 copies/ml, and drug use as pertinent variables. A P value of Ͻ 0.05 was considered significant.
RESULTS
During the study period of 1996 through 1998, 61 women were enrolled in this study. Among these women, 39 were pregnant (20 HIV positive, 19 HIV negative) and 22 were nonpregnant (11 HIV positive and 11 HIV negative) at the time of enrollment. Thirty-one of the enrolled women were HIV infected. Table 1 illustrates other demographic characteristics of the study population. All participants belong to racial or ethnic minority groups, with self-identified blacks comprising 90% (55 of 61) of the study population, and selfidentified Latinas comprising the remaining 10% (6 of 61).
Among enrolled women who were HIV infected, most (23 of 31 [74%]) were asymptomatic, and only 8 of 31 (16%) met the Centers for Disease Control and Prevention criteria for advanced HIV disease (6) . At study time point 0 (Ͻ20 weeks of gestation), only 28% (4 of 14) of the HIV-infected pregnant women were on antiretroviral therapy. Two of these patients were on two nucleoside reverse transcriptase inhibitors (NRTIs), and the others were on monotherapy or highly active antiretroviral therapy (HAART), respectively. However, by study point 3 (the postpartum visit), 88% (14 of 16) were receiving combination antiretroviral therapy. Eleven of these patients were on two NRTIs, and the remainder of them were on HAART. Among the patients who had viral load determined for clinical evaluation purposes, only 1 of 7 (14%) had an HIV load of less than 1,000 copies/ml at the initial visit (study time point 0) compared to 5 of 6 (83%) who had viral loads of less than 1,000 copies/ml by the postpartum visit. HIV-infected women were more likely to have a current or past history of substance use (Table 1) . HIV-infected women also had significantly lower CD4 lymphocyte counts (421 Ϯ 210 cells/mm 3 ) than the uninfected women (892 Ϯ 262 cells/mm 3 , P ϭ 0.0006). Among enrolled women, the mean CD8 counts were significantly different for HIV-infected and HIV-uninfected women, with mean counts of 1,186 Ϯ 1,143 cells/mm 3 and 618 Ϯ 236 cells/mm 3 (P ϭ 0.02), respectively. As expected, HIV-infected women had lower mean absolute CD4 lymphocyte counts and higher CD8 lymphocyte counts than noninfected women.
Among healthy nonpregnant HIV-negative women, the mean intracellular IL-2 production levels in CD4 and CD8 were 52% Ϯ 8% and 15.6% Ϯ 3%, respectively. The HIVinfected nonpregnant women in our cohort produced significantly less intracellular CD4 Ϫ IL-2 (45% Ϯ 8%) than their HIV-uninfected counterparts (52% Ϯ 8%, P ϭ 0.04). On the other hand, we observed no significant differences in intracellular CD4 IL-2 or CD8 IL-2 production between HIV-infected and uninfected pregnant women in our cohort when measured cross-sectionally (Tables 2 and 3 ). Furthermore, there were no temporal variations in intracellular IL-2 measurements within each group at various study time points during the pregnancy (Tables 2 and 3) . To examine the effect of pregnancy among HIV-infected women, we analyzed data for HIV-infected women seen postpartum (16/20 [80%] of those enrolled during pregnancy completed a postpartum visit) compared to HIV-infected women who were never pregnant (n ϭ 11). No significant difference in intracellular CD4 IL-2 production was observed between these two groups (49% Ϯ 6% versus 45% Ϯ 8%, P ϭ 0.12). To evaluate the effect of pregnancy on IL-2 production among HIV-infected women, we did paired analyses among women who had both an early pregnancy visit (prior to 20 weeks gestation) and a postpartum evaluation (n ϭ 11). In these analyses, we observed no significant difference in intracellular IL-2 production between the two study time points (48% Ϯ 7% versus 47% Ϯ 5%, P ϭ 0.53).
All drug users in our cohort were HIV-infected women. To evaluate the effect of drug use on IL-2 production, we compared IL-2 production among HIV-infected women with (n ϭ 4) and without (n ϭ 9) drug use at baseline. We observed no significance difference in IL-2 production among HIV-infected women with or without drug use (44% Ϯ 6% versus 48% Ϯ 7%, P ϭ 0.24), although this may be due to the small sample size.
There was a statistically significant positive correlation between intracellular CD4 IL-2 production and older age (r ϭ Ϫ0.4782, P ϭ 0.01), earlier stage of disease (r ϭ 0.5685, P ϭ 0.0072), and antiretroviral use (r ϭ 0.6770, P ϭ 0.03) among HIV-infected women at study point 3. We also observed a statistically significant correlation between intracellular CD4 IL-2 production and production of TNF-␣ (r ϭ 0.7245, P ϭ 0.0002) and INF ␥ (r ϭ 0.4599, P ϭ 0.03) by the CD4 cell population. There was no significant correlation between intracellular CD4 IL-2 production and CD4 IL-4 production among HIV-infected patients (r ϭ Ϫ0.1120, P ϭ 0.7), but this correlation was significant among HIV-negative patients (r ϭ 0.6363, P ϭ 0.02).
An intriguing finding from the regression analysis was that among HIV-infected pregnant women, CD4 ϩ T lymphocytes accounted for 42% of the CD4 IL-2 variability, although this was not statistically significant-likely due to the small sample size (P ϭ 0.113).
DISCUSSION
Our data confirmed that intracellular IL-2 production is higher in HIV-negative nonpregnant women than their HIVpositive nonpregnant counterparts. However, this HIV-related effect was not seen among pregnant women in our cohort. The fact that we did not observe the same difference among pregnant women suggests that pregnancy may down-regulate intracellular IL-2 production regardless of HIV status. These observations are compatible with at least one study that demonstrated that the production of IL-2 by in vitro mitogenstimulated peripheral blood mononuclear cells is decreased in successful human pregnancies and that antigen-stimulated IL-2 production is decreased in all trimesters of pregnancy compared that in nonpregnant controls (22) . However, since we observed no significant change in IL-2 production throughout pregnancy or postpartum, our study findings do differ with the Marzi observation of a type 1-to-type 2 shift in the cytokine profile only during the third trimester of pregnancy. This discrepancy could be explained by the fact that different methodologies were used to assess cytokine production (intracellular versus stimulation of peripheral blood mononuclear cells), or it could reflect the unique effect of HIV infection on the immune system (18) .
Also, although most HIV-infected women in our study group were receiving combination antiretroviral therapy at the final study evaluation (postpartum visit), there were no significant increases in production of IL-2 despite well-documented viral responses. This could be because the length of antiviral therapy was short, not allowing for adequate immune reconstitution or because antiretroviral therapy does not always confer complete immune reconstitution. This concept is consistent with prior observations that IL-2 supplementation could further increase CD4 counts by decreasing apoptosis (4, 33) .
The hormonal secretion characteristics of normal pregnancy are likely to influence cytokine production by activated T lymphocytes. Dudley and collaborators have shown that, in a murine model, cytokine production during pregnancy favors antibody production over cytotoxic responses; they found a decrease in IL-2 production, associated with an increase in IL-4 and IL-6 as gestation advanced (13) . This pattern is likely to reflect the need to protect the fetal allograft during gestation. However, it disrupts the normal capacity of the pregnant mice to resist infections that require cytotoxic T-cell responses. If the same pattern occurs in humans, we can anticipate that the physiological responses of pregnancy will alter the capacity to resist HIV infection since the cytotoxic response will be compromised. The fact that we did not observe a decrease in IL-2 production in HIV-infected pregnant women when compared to their seronegative counterparts, which was seen among the nonpregnant women, highlights the potential role that pregnancy can exert on cytokine regulation. It is therefore important to ascertain the effects of pregnancy and pathological states, including infections, in cytokine modulation, since these agents have been proposed as potential treatment adjuvants for HIV-infected patients.
This pilot study contributes to the limited information available regarding cytokine activation in normal and abnormal pregnancies. We observed that some of the anticipated correlations of IL-2 production with other TH-1 cytokines are absent in HIV-infected women but present in HIV-uninfected women. This finding highlights the fact that HIV infection alters the expected physiological immune responses. Our data also support the correlation of IL-2 production with other cytokines, like TNF and IFN, as demonstrated in previous studies (13, 22, 27) .
In addition, our study demonstrates that, although CD4 accounted for 42% of the CD4 IL-2 variability, there was no significant difference in IL-2 production for patients above or below that threshold of 350 cells/mm 3 , which is the value used to initiate antiretroviral therapy. So, there is no CD4 cutoff at which the IL-2 production is worse or better, at least using 350 as a cutoff.
The fact that we did not find a significant alteration in IL-2 production among women who admitted to current or past drug use within our study group is also an interesting finding. However, our sample size was very small, and as drug use is often a documented exposure among HIV-infected women in this country, it will remain important to include this group in future studies to better understand the impact of drug use on immune function and possible IL-2 supplementation therapies. Our study is limited by several factors. First, an ideal comparison of IL-2 levels between the same patients in their pregnant and nonpregnant states would provide the best information regarding the effect of pregnancy on the IL-2 levels. Unfortunately, only a few patients were available for a complete postpartum evaluation in our group of HIV-negative pregnant women, making this type of comparison not possible. Second, we only evaluated IL-2 production 6 weeks after delivery, although some physiological changes of pregnancy can last up to 12 weeks after delivery. To further evaluate and clarify the lack of IL-2 production change among HIV-infected compared to uninfected pregnant women, future studies should either look at later postpartum (12 weeks) data or a larger sample size.
Our study adds to the limited body of data regarding the immune mechanisms which develop or may shift during pregnancy (3). Although, IL-2 supplementation therapy used in conjunction with appropriate antiretroviral therapy has been advocated to increase immune reconstitution in selective cases, the use of this agent during pregnancy should be carefully evaluated. If larger studies confirm our observations of a decreased IL-2 level among pregnant women, it is likely that this cytokine could play a role in the required physiological response to maintain the fetal allograft. Thus, the risks may outweigh the benefits of IL-2 supplementation therapy as a mechanism to enhance the immune response among pregnant women, and therefore such IL-2 supplementation may not be favorable. In other words, we need to better understand the implications of such supplementation to the survival of the fetus in utero among both HIV-infected and -uninfected women.
